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ABSTRACT

Aluminum 2024-T3 and 7075-T6 are commonly used in aviation industry. The coating
application on the aluminum surface is consider as one of the most effective method to
ease the corrosion problem. Hex-chrome free coating which has less environmental issues
was developed in recent years. In this work, we studied the degradation process of hex-
chrome free coating/ aluminum system under the constant immersion environment with
the help of a proposed damage evolution concept. This damage evolution concept
includes four steps: 1. Initial water uptake process within coating layer, 2. Activation of
electrochemical reaction in the coating and metal interface 3. Propagation of corrosion
products below coating layer, coating delamination or degradation. 4. Coating totally fails,
metal experiences severe metal loss. Three experimental variables were investigated in
this project, they were: pH of electrolyte, top coat thickness, and metal effect. Impedance
measurements of samples immersed in 3.5 wt% NaCl electrolyte were continually carried
out for 160 days to study the impact of those experimental variables. A two dimensional
transmission line model was developed in this work. This 2D-TLM was firstly verified
via comparing the simulated EIS data with experimental results. A further application of
this model gave us a local impedance distribution of hex-chrome free coating/aluminum
profile. Via interpreting the local impedance distribution, a detailed degradation

mechanism of sample in early immersion period was revealed.



ACKNOWLEDGEMENTS

First 1 would like to thank my advisors, Dr. Homero Castenade Lopez for his guidance
and assistant in this project as well as in life. Thank you to all my colleagues and
collaborators at University of Akron. An extra thank you to my thesis committee, Dr.
Scott Lillard and Dr. Hongbo Cong for their comments and suggestions. Finally, 1 would
like to thank my wonderful husband Yu Feng for his incredible support throughout my

years in Akron.



TABLE OF CONTENTS

Page
LIST OF FIGURES ... .ot vii
LIST OF TABLES. ...ttt bbbt be e e X
CHAPTER
| INTRODUCGTION ...ttt e e 1
1.1 Research DACKGIrOUNG ...........couiieiiiiiiiii e 1
1.2 Methods to study the coating/metal SYSteM ..........cccccviviiiiie i 3
1.3 Fundamentals of EIS teCANIQUE..........ccciiiiiiieieicee s 5
1.4 The development of transmission line Model .............ccccovveiiiieicccie e 6
1.5 SUMmMary Of PreVioUS WOTK ........ccuoiviiiiiiiiniiiieieie s 8
1.6 WOrK HIGhIIGhtS ... 10
[l EXPERIMENTAL DESIGN... ..ottt et 12
2.1 SamPIe PreParation..........ccveiieiieie ettt sra e 12
2.2 EXPEriMENtal SETUD ..ottt 13
2.3 Control parameters studied in this WOrK. ..........cccccceoiiiiiiiiic e 15
2.4 Electrochemical impedance MeasuremMEeNt .........ccverererirenenineeeeeee s 16
1l PROPOSED 2D TRANSMISSION LINE MODEL THEORY .....cccoiiiiiiiiee 18
IV EXPERIMENTAL RESULTS ..ot e e 23
AL PH BFFECE ... 23
4.2 Layering FFECT ..o 29
4.3 SUDSLIate BFFECT.......ciiiciece s 33



V APPLICATION OF TRANSMISSION LINE MODEL IN COATING/ALUMINUM
SYSTEM ..o 36

5.1 Application of 2D TLM on dry coating SYStEM .........ccceeirireririeeienene e 38

5.2 Application of 2D transmission line model on stage | of damage evolution process
................................................................................................................................. 43

5.2.1 Equivalent analogy of local impedance elements for coating under initial times
of stage | damage eVOIULION PrOCESS. ........cccuriiieiierieriese e 44

5.2.2 Equivalent analogy of local impedance elements for coating under early time
of stage | damage evOIULION PrOCESS........cueivereeiieiieiieie e 55

5.2.3 Equivalent analogy of local impedance elements for coating under later time of
stage | damage eVOIULION PrOCESS ........ccvveieieeriieie e sieeie et e e eas 58

5.3 Application of 2D TLM on coating/aluminum system under stage 11 of damage

BVOIULION PIOCESS ...ttt bbb se bbb eneas 60

5.4 DISCUSSTON ...ttt sttt ettt b et b et b et b b e e b 63
VI CONCLUSION. ...ttt bbb b et nnee 68
BIBLIOGRAPHY ...ttt 71

Vi



LIST OF FIGURES

Figure Page
1.1 Sketch of general coating/metal SYStEM...........cceiieiiiie i 3
1.2 Configuration of transmiSSION HINE...........cooiiiiiiiiieieee e 8
1.3 Sketch of damage evolution CONCEPL ........c.coviiieiiiic s 10
2.1 Sketch of glass cell clamped above the coated sample............ccooviiiiiiiiiniins 14
2.2 Experimental setup for constant immersion teSt...........ccocvvveiieviiie s 15
2.3 Electrochemical impedance measurement SELUP .......ccevverererirerieieeriesiesie e 17
3.1 Sketch of general transmission line model ...........c.ccoooveiiiiiiiiccce e 19
3.2 Sketch of 2D transmission liNe MO ...........covveiiiiiiee e 20

4.1 Nyquist representation of hex-chrome free coating (1mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days..........ccccvvreieneneneninenene 24

4.2 Bode representation of hex-chrome free coating (1mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days..........ccccvvrieieieienencnesiene 24

4.3 Nyquist representation of hex-chrome free coating (1mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 7.0 for 160 days..........ccccvvrieieieieneniiesene 25

4.4 Bode representation of hex-chrome free coating (1mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 7.0 for 160 days..........ccccvvrereieneneniienene 25

4.5 Nyquist representation of hex-chrome free coating (1mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 10.0 for 160 days.........c.ccooevrreieneneninenene 26

4.6 Bode representation of hex-chrome free coating (1 mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 10.0 for 160 days.........c.ccoovvrrireienencneniene 26

4.7 Nyquist representation of hex-chrome free coating (2 mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days..........cccccvvieriieneneninenene 30

4.8 Bode representation of hex-chrome free coating (2 mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days..........ccccvvvieiinenenencneniene 30

vii



4.9 Nyquist representation of hex-chrome free coating (3 mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days.........c.ccccevvveveiieiveiesiieseenns 31

4.10 Bode representation of hex-chrome free coating (3 mil)/aluminum 2024-T3 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days.........c.cccceviveveiiieiveieiiieseenns 31

4.11 Nyquist representation of hex-chrome free coating (1 mil)/aluminum 7075-T6
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days .........c.cccceevevveviereennn. 34

4.12 Bode representation of hex-chrome free coating (1 mil)/aluminum 7075-T6 system
immersed in 3.5 wt % electrolyte pH 4.0 for 160 days.........c.ccccevvveveiievicieiiieseenns 34

5.1 a) Lateral profile of experimental system, b) The assigned electro elements
distribution IN thiS SYSIEIM ......c.eciiiie e 37

5.2 a) Lateral profile b) Transmission line representation of hex-chrome free coating(1

mil)/aluminum 2024-T3 system in the initial immersion time ............c.ccceeeeeveieennns 38
5.3 Equivalent analogy of impedance representation Zg-Zg.........cccceecveverieenesieeseeneeneenns 39
5.4 Sensitivity analyses for the intact coating resistance...........cccocevvvvieiieerecie e, 41
5.5 Sensitivity analysis for the CPE of intact Coating.........cccccvvveviereiienienesee e 41
5.6 Comparisons between the experimental result and the simulated EIS spectra........... 42
5.7 The local impedance distribution for dry coating condition..............ccccceeeriiininnnnns 43

5.8 a) Lateral profile b) Transmission line representation of hex-chrome free coating(1
mil)/aluminum 2024-T3 system in the initial time of stage | damage evolution process

..................................................................................................................................... 44
5.9 Distributions of Zintact and Zgis in the non-intact coating layer ..., 45
5.10 Equivalent analogies fOr Zitfusive «-««.veereerreerrerreeremieeieereaiessessesseseessessesseessesssens 46
5.11 Sensitivity analyses for the intact coating resistance (Rc) ......c.ccoovvvvvrerenenenennniens 47
5.12 Sensitivity analyses for CPE of the intact coating.............cccooveviiieiiecie e, 48
5.13 Sensitivity analyses for pore resSistance RP.......ccccverereienieneiisiseeese e 49
5.14 Sensitivity analyses for CPE of coating POrousS...........ccecvvveiieiiicvie i 50
5.15 Sensitivity analyses for Warburg coefficient..........ccccceevvieiieiicie s 51
5.16 Sensitivity analyses for activation parameter ...........ccccoceeveevieiie e 52
5.17 Sensitivity analyses for equivalent analogs location .............cccccvvvevieniviievicneennn, 53

viii



5.18 Comparisons between the experimental result from day 2 and the simulated EIS
R 0 L<Tod 1 PRSP PR 54

5.19 The local impedance distribution for coating in initial time of stage | damage
eVOIULION MECHANISIM ... 55

5.20 a) Lateral profile b) Transmission line representation of hex-chrome free coating (1
mil)/aluminum 2024-T3 system in the early time of stage | of damage evolution
PIOCESS. ..ttt sttt n e n e 56

5.21 Comparisons between the experimental result from day 3and the simulated EIS
SPPBCEIA .t S7

5.22 The local impedance distribution for coating in early time of stage | damage
eVOIULION MECNANISIM ..o 57

5.23 a) Lateral profile b) Transmission line representation of hex-chrome free coating (1
mil)/aluminum 2024-T3 system in the later time of stage | of damage evolution
01010 ST RT PR 58

5.24 Comparisons between the experimental result from 25 days and the simulated EIS
R 0L<Tod 1 PR 59

5.25 The local impedance distribution for coating in later time of stage | damage
eVOIULION MEChANISIM ... 60

5.26 a) Lateral profile b) Transmission line representation of hex-chrome free coating(1
mil)/aluminum 2024-T3 system in Il of damage evolution process..........c.ccccceevvenneae 61

5.27 Comparisons between the experimental result from 45 days and the simulated EIS

R 0L od 1 PSRRI 62
5.28 Comparisons between the experimental result from 60 days and the simulated EIS

R 0L=Tod 1 LSRR 63
5.29 a) Resistance of intact coating (Rc); b) Pore resistance (Rp) over time ................... 67



LIST OF TABLES

Table Page
2.1 Composition of AA 2024-T3 and AA 7075-T6......cccereereiiieirerie e 12
2.2 Buffer chemicals used to control the electrolyte pH..........ccocoiiiiiiiiine 15
2.3 Three topcoat thickness used in thiS WOIK ...........ccccoveiieri e 16
4.1 Experimental matrix to study the pH effect ... 23
4.2 Experimental matrix to study the topcoat thiCKness ...........cccceevveveeii v 29
4.3 Experimental matrix to study the substrate effect...........c.ccoovviiiiiiin s 33



CHAPTER I

INTRODUCTION

1.1 Research background

Aluminum is widely used in transportation due to its good machinability, superb
fatigue strength and light weight. One of the most important applications of aluminum
alloys is in the aviation industry. The aluminum 2024-T3 and 7075-T6 are two of the
alloys commonly used in aircraft industry due to their outstanding mechanical properties
and corrosion resistance [1] however, the presence of Cu and other novel compositions in
this alloy make it easier to corrode. The corrosive species in the environment such as
oxygen and electrolyte can directly contact with the alloy surface to form an
electrochemical galvanic cell with the aluminum as the anode and Cu as cathode result in
the corrosion of the aluminum [2]. This low corrosion resistance severely threat the
integrity of the aircraft structures and thus the anticorrosive treatment of aluminum alloy

identified as high priority topics by the US Air Force[3].

Currently, the most common methods to alleviate the corrosion problems on the
aluminum substrate are: 1) adding inhibitor to the fluid environment that directly contact
with substrate [4], 1) apply a cathodic potential protection on the substrate material [5],
and I11) applying an organic coating layer on the substrate [6]; in the case of aluminum

alloys used in aviation industry, the third approach is the most widely used. The applied



coating layer can protect the substrate through three main mechanisms: 1. the
physicochemical (barrier), 2. The electrochemical (inhibition or cathodic protection), and

3. Adhesion mechanism [7].

Generally, the coating system consists in three layers: topcoat, primer, and
pretreatment. The top coat layer works as the main barrier to protect the substrate from
the corrosive factors such as oxygen, moisture and ultra-violet rays. Polyurethane is
typically adopted as the top coating, and the application thickness varies from 50 to 200
pm. The primer usually contains a pigmented organic resin matrix, the thickness of this
layer is about 25 um for aircraft use. This layer improves the adhesion between coating
and substrate, and slows down the transport of aggressive ion species within the
polymeric structure [8]. The pretreatment layers is formed after the pretreatment process
and usually it is a thin (less than 10-60 nm) inorganic layer. The pretreatment layer helps
to increase the adhesion between substrate and primer layer and to protect the substrate
from corrosion at the same time [9]. The complete coating system containing the three

layers mentioned above is show in figure 1.1



| Topcoat
Primer

[l Pretreatment

i Substrate

Figure 1.1 Sketch of general coating/metal system

Chromate conversion coating have been widely used as a primer; the reaction of
soluble hexavalent chromium salts and chromic acid on the site of aluminum substrate
generate a continuous dense layer of insoluble trivalent chromium and soluble hexavalent
chromium compounds. Those compounds provide excellent adhesion to organic coating
and superb corrosion resistance [10]. Despite their outstanding properties, hexavalent
chromium compounds are carcinogenic and raise world-wide health concern. In recent
years, with the issuing of stricter regulations regards of the low hazardous emissions, the
concept of environmental friendly coating became popular, and series of the low VOC,
low HAP, non-toxic coating system were established [11]. Among all those new coating
products, the non-hexavalent chromium coating system brought significant attention. At
the same time, in order to apply this coating system in a more economic and effective
way, a deep understanding of the degradation evolution mechanism was required and

thus numerous projects focus on the coating degradation topics are carried out [12].

1.2 Methods to study the coating/metal system

Depending upon the properties of the coating system we want to study, various

techniques are adopted in the research. For example, coating adhesion which plays a vital



role for a successful coating application can be obtained through pressure-sensitive tape

test, indentation testing, scratch test and so on [13].

The optical techniques are adopted to characterize the geometry of the targeted
surface during the coating system’s degradation time. For example, SEM (scanning
electron microscope) and IFM (infinite focus microscopy) are used study the morphology
of the sample surface[14,15]. XPS (X-ray photoelectron spectroscopy), FTIR (Fourier
transform infrared spectroscopy) were used to study the composition and status of

coating/metal system.[16]

Numerous electrochemical methods are adapted to monitoring the real time
electrochemical properties of coating systems for investigating the detailed damage
evolution mechanism[17], the simplest test is to measure the change of corrosion
potential of coating/metal systems with time as well as the time dependent-potential
decay studied in order to find the state of coating/metal system and predict the coating
performance, however the interpretation of the experimental results are various and
considered to be non-informative so far[18-20]. DC current techniques are also applied
on the characterization of coating properties [21,22], via applying a dc potential pulse on
the sample system, the value of the analogy electronic elements from the presumed
coating model which can be determined and further used to identify the degree of damage
on the coating although, there are several disadvantage of this technique: The classic
Stern-Greary relation does not apply for coating systems, a correction much be made to
compensate the potential drop resulted from the presence of the coating layer in order to
obtain accurate results from this technique[23], besides, the coating/metal system will be

destructed due to the large potential applied during the polarization process. In order to
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minimize the interference brought by the measurement itself, several minimally
destructive technique (MDT) or non-destructive technique (NDT) are developed[24] For
example, ENM (Electrochemical noise measurement) is also used to characterize the
corrosion mechanism of both bare metals and coated metals. The noise here is defined as
the standard deviation of the measured sample potential. This techniques is commonly
applied to study the activation stages of coating degradation and coating
degradation[25,26]. AC techniques belong to the MDT and they are widely used to test
the coating performance via applying a sinusoidal wave with low amplitude and specific
frequency to the sample [27]. Electrochemical impedance spectroscopy (EIS) which is
based on the AC technique is most commonly used these days and so adopted as the main
electrochemical approach in this work. On the basic of general EIS technique, a
Localized impedance spectroscopy (LIES) technique has been derived, this is a
surface/interface resolution technique able to characterize the spatial and temporal

activity of the sample surface to obtain the localized impedance distribution [28].

1.3 Fundamentals of EIS technique

When a steady-state system is interrupted by a small magnitude a.c voltage, it
relaxes to a new state, this relaxation process provide information about the system.
Impedance spectroscopy, which is the output of this technique, is defined as the ratio of
applied a.c potential to response a.c current. A Laplace transformation is applied to

transfer the data from time domain to frequency domain.

Generally, EIS measurement has adopted two configurations of instrumentation:

Two electrode configuration and three electrode configuration. The later one is more



commonly used, the three electrodes are working electrode, reference electrode and

counter electrode.

Nyquist and Bode plots are typical representation of EIS data. In order to further
interpret EIS data, circuit models are developed to fit the experimental data. Randles
model and models developed based on Randles are widely used as equivalent circuit
models, The elements in equivalent electrical analogs describe the physical properties of
each component contained in the electrochemical cell with time [29]. Classic
electrochemical parameters obtained from those models are electrolyte resistance, coating
resistance, coating capacitance, double layer capacitance, Warburg diffusion element and
electrochemical resistance. The downside of this models are that the physical meaning of
newly derived elements as well as the circuit are not clear, for example, the
understanding of constant phase elements (CPEs) which can provide a better fitting
compare to the pure capacitance is vague. Also, for equivalent circuits involving more
than two arranged circuits, the random rearrangement of these circuits may still result in
same value of impedance [30]. Last, the equivalent circuit only gives general properties
of the tested sample rather than a detailed and localized physical performance. In order to
interpret EIS data in a more precise way, modeling, such as transmission line modeling,

is used to embraced and improve this work.

1.4 The development of transmission line model

The concept of transmission line model is first proposed by Lord Kelvin, Oliver
Heaviside et.al and applied on the 1855 trans-Atlantic submarine telegraph cable project

to predict the cable performance. Mathematical analysis helps the development of the



transmission line model and enables the application in the electrochemical systems. In
1905, the transmission line model was firstly used to understand the electrochemical
behavior during the simulation of membranes. Later, the transmission line model was
adopted to study the roughness and porosity of electrodes by deLevie and his group. They
also simulated battery electrodes, corroding rebar in concrete, electro-catalysts, corrosion
of carbon steel in high temperature aqueous systems, and super-capacitors via
transmission line model. in recently years, the transmission line model was extensively
studied, Macdonald and his group divided the transmission line into infinitesimally small
elements applying Kirchoff’s and Ohm’s laws and then integrate along the line to obtain
the impedance of a porous electrode, thus monitoring the evolution of the number of
active pores in the electrode; the transmission line model was also used to obtain the
impedance distribution of pores in an iron oxide layer (hematite) [31]. As well as
characterizing porous electrodes [32] and iron oxide layers with varying oxygen-iron

ratios [33].

In general, Transmission line modeling (TLM) appears to be a powerful method
to identify and quantify interfacial mechanisms at different scales for porous electrodes
and to elucidate corrosion mechanisms occurring at the working electrode [34]. TLM
offers a better interpretation of the EIS data and gives a more detailed electrochemical

degradation mechanism of coating/ metal system.



Figure 1.2 Configuration of transmission line

1.5 Summary of previous work

Numerous works have been done to investigate the damage evolution mechanism
for coating/metal system. qualitative analysis of the deterioration of organic coatings and
the bonding between coatings and metals under several exposure conditions has been
carried out [35]. For example, Deflorian et al. [36] studied the effect of environmental
factors, such as UV exposure, temperature and humidity; whereas Akbarinezhad et al. [37]
investigated the variation in coating resistance and capacitance during coating chemical
degradation. In addition, Walter [38] studied the effects of water uptake and chloride ion
concentration on the degradation of coating/metal systems, and Haruyama et al [39]

analyzed the delamination ratio of coatings by determining the breaking point frequency.

In addition, due to the accelerated experimental test as well as extended testing
periods, single stages in the whole degradation process are investigated in details but
separately. For instance, continuous and parallel processes related to the electrolyte
uptake within coating layer which is also consider as the initial degradation of coatings

are carried out [40]; the significance of the charge transfer mechanism during the metallic



dissolution process have also been studied [41]. The formation of blistering and the

delamination mechanism were hot research topics as well [42].

Based on the previous work, we proposed a damage evolution concept for
coating/metal system that includes four stages: stage-l, mass transfer process within
coating process; stage-ll, the initialization of electrochemical reaction in the
coating/metal interface; stage-lll, the charge transfer dominating process; stage-1V,
coating failure stage. Figure 1.3 is a schematic representation of the damage evolution
concept. In stage I, the corrosive ions transfer from the agqueous environment to the
coating layer, water is the media in this process. Stage Il begins when the corrosive
species penetrate the coating layer and react with the metal substrate. In the third stage,
the electrochemical reaction in the coating/substrate interface become the predominate
process impacting the corrosion process, the propagation of corrosion products later will
results in the coating delamination and the coating will be degrade by the corrosive
environment as well. In the final stage, the coating totally fails and cannot perform
protective function. The metal substrate directly contact with the corrosive environment

and suffers severe metal loss.
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Figure 1.3 Sketch of damage evolution concept

1.6 Work Highlights

In this work, we selected a hex-chrome free coating/aluminum system, the
combination of Fluoropolyurethane epoxy based topcoat and epoxy primer are consider
as the environmental friendly coating layer applied on two substrates: aluminum alloys
2024-T3 and 7075-T6. The coated system was immersed in 3.5 wt% NaCl electrolyte at
three different pH (pH =4.0, 7.0, 10.0) for 160 days. A three-electrode arrangement was
designed to obtain the EIS spectra of this system in function of time. Both, Nyquist and
Bode plots for each EIS spectra are presented in this work and interpreted in general with

the reference of previous work.

In order to have a more detailed understanding about the performance/damage
evolution of this system, we proposed a two dimensional transmission line model; this

model is able to present the impedance distribution profile and reveals the local

10



degradation mechanism associated with the coating/aluminum system. A sensitivity
analysis is also introduced in this work to show the impact of the magnitude and location

of model variables on the simulated EIS spectra.
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CHAPTER II

EXPERIMENTAL DESIGN

2.1 Sample preparation

In this work, both aluminum alloys 2024-T3 and 7075-T6 were used as substrate;
Table 2.1 present the compositions of these alloys. The suffix T3 and T6 indicate two
post thermal treatment processes; in the T3 method, the aluminum is first treated with
solution, heated and then cold worked. In the T6 treatment, the aluminum is solution
treated and then it is subject to an aging process. In general, alloy through T3 treatment is

mechanically superior to T6 product.

Table 2.1 Composition of AA 2024-T3 and AA 7075-T6

Component AA 2024-T3 AA 7075-T6
Al 90.7-94.7 87.1-91.4
Cr <0.10 0.18-0.28
Co 3.80-4.90 1.20-2.00
Fe <0.50 <0.50
Mg 1.20-1.80 2.10-2.90
Mn 0.30-0.90 <0.30
Si <0.50 <0.40
Ti <0.15 <0.20
Zn <0.25 5.10-6.10

other <0.15 <0.15

12



AA2024-T3 and AA7075-T6 substrates in the form of a panel were cleaned with
acetone prior to coating application. The panels were then mounted on cardboard before

coating application.

An epoxy primer (Deft 02Y040) and a hex-chrome free polyurethane topcoat
(Deft 99GY010) were used in this work. Both, the primer and the topcoat included two
components (resin/cross linker). Those two components were blended and mixed for one
minute at 1700 RPM on a Flacktek Speedmixer. The mixed coatings were given an
induction time of 20-30 minutes prior to application. After the induction time, coatings
were applied with a high volume low pressure (HVLP) spray gun at the target wet film
thicknesses specified. Approximate 0.023 mm primer was achieving directly above the
substrate, a layer of top coat was then accomplished upon the primer. The top coat
thickness is well controlled and studied as an experimental variable. We presented the

detailed matrix in section 2.4
2.2 Experimental setup

As indicated in Figure 2.1, a glass cell was clamped on the surface of the coated
sample, an acrylic plate was placed under the coated sample to support the sample from
bending. A rubber ring was used to seal the space between the coated sample and glass

cell. The sample area within the sealed glass cell is about 4.52 cm?.

13



Glass cell — Clamp

Coating
Metal

Acrylic plate

Figure 2.1 Sketch of glass cell clamped above the coated sample

Before the experiments, the glass cell was filled with electrolyte and the sample
area with the sealed region is in constant immersion at room temperature. Figure 2.2 is

the experimental set up for constant immersion test.

The electrolyte was 3.5 wt.% NaCl solution with steady pH (4.0, 7.0, 10.0). The
pH was fixed using buffer chemical which is another experimental variable we would

study. The matrix was presented in section 2.4 as well.

14



Figure 2.2 Experimental setup for constant immersion test

2.3 Control parameters studied in this work.

In this work, we investigated the impact of the solution pH, topcoat thickness and

metal substrate on damage evolution mechanism respectively.

Table 2.2 is the chemical buffer adopted in this work to maintain the electrolyte
pH; 0.1 M solutions of each buffer chemicals were prepared first. Via adding the buffer
solution into the 3.5% wt. NaCl solution, we obtained the electrolyte with controlled pH

(pH=4.0, 7.0, 10.0)

Table 2.2 Buffer chemicals used to control the electrolyte pH

pH Chemical 1 Chemical 2

4 Acetic acid Sodium Acetate

7 Disodium hydrogen phosphate Hydrochloric acid
10 Disodium hydrogen phosphate Sodium hydroxide

15



The second parameter we studied in this work is the topcoat thickness. The
coating system we adopted in this work is a combination of primer and topcoat, the
primer was achieved with a thickness of 0.023 mm. Three topcoat thicknesses were

investigated in this work and they are indicated in Table 2.3

Table 2.3 Three topcoat thickness used in this work

No Topcoat thickness
Coating-1 0.025mm
Coating-2 0.050mm
Coating-3 0.075mm

2.4 Electrochemical impedance measurement

EIS measurements were performed in a three-electrode electrochemical cell as
show in figure 2.3. Metal/coating samples were used as the working electrode, a saturated
calomel electrode (SCE) was used as the reference electrode, and a platinum mesh served

as the counter electrode.

A Gamry Reference 600TM was used to perform the EIS and open-circuit
potential measurements. The EIS data were collected over a frequency range from 1 mHz
to 20 kHz with a voltage amplitude of 10 mV from the corrosion potential. The data
acquisition was controlled by Gamry Framework Version 5.8/EIS 300 software. All the

measurements were performed at room temperature.

16
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Figure 2.3 Electrochemical impedance measurement setup
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CHAPTER IlI

PROPOSED 2D TRANSMISSION LINE MODEL THEORY

Transmission line modeling (TLM) has been extensively used to study the
electrochemical activities on porous interface. Figure 3.1 is a sketch of general
transmission line model. As showed in figure, a transmission line was divided into a
sequence of n-1 segments. Each segment contained four impedance elements and
considered as an electrical circuit loop by itself as well. The current direction is indicated
in arrows in the figure. Depend on the scenario, the impedance elements from different
segments can have either same or different expression. For instance, we applied the TLM
from figure 3.1 on the study of pipeline corrosion; Assume the pipeline was alone the x
direction as well, if the pipeline was intact, all the impedance elements that describe the
physical properties of the pipeline would be the same (Z:=Z,=...=Z,.1=Z,). If the pipeline
was partially corroded, the impedance elements that used to describe the physical
properties would have different expression depend on the location of the impedance

elements in the TLM.

In general, we were able to describe the local electrochemical behaviors of
studied interface via assigning specific impedance expression for each segment. we
named those impedance elements as localized impedance since all the impedance has its

own physical meaning and expression depend on its location. Usually, the expression of
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localized impedances in includes the solution resistance, the resistance of the conducting

substrate and the interfacial impedance [43].

[
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Figure 3.1 Sketch of general transmission line model

The magnitude of each local impedance Z will be determined with the help of
equivalent circuit analogy [44]. The local electrochemical mechanism would be disclosed

upon the analysis of the local impedance distribution.

In this work, a two dimensional transmission line model was proposed; Figure 3.2
is the electronic element representation of the proposed 2D transmission line model. In
this model, the main circuit was divided into a nxm matrix segments. We were able to
see a more detailed impedance distribution in two mutually perpendicular directions
instead of one direction as in previous models. The current path as well as the local

current in each segment was also indicated in blue arrow in figure 3.2.
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Figure 3.2 Sketch of 2D transmission line model

According to the Kirchhoff’s voltage law, the sum of the voltage difference in any
closed network is zero, and if we assign a voltage for each segment in the model,

equation 1 is valid.
Ti=1Ve =0 1)
Where V is the local voltage for k™ segment.

We noticed that the voltage in each segment is zero, thus, a relation between
current and impedance in each segment was derived based on Kirchhoff’s voltage law.
For example, for the segment in the location of 1x1 in figure 3.2, we obtained the relation

between local impedance elements and local current as follows
Li(Zig +Z1p+ 200+ Z'51) = Iy X Zyg — Iy X Ry =113 X 215, =0 (2)

Similarly to equation 1, we can find an equation describing the relation between
the local impedance elements and the current for each segment. In this way, we can
obtain an equation set containing each equation describing the relation between the local
impedance with its correspondent local current for one specific segment. The equation set

is indicated below.
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11,1(21,1 +Zi,+Z' 1+ Z’2,1) — Iy XZyg— Iy XZ'y1 =11, XZ15, =0

I, (Z1,2 +Zi3+Z' 5+ Z’z,z) L1 XZip—li3XZiz3—1, XZ'5,=0

In,m—l(Zn—l,m—l + Zn—l,m + Z’n—l,m—l + Z,n,m—l) - Ib X Z,n,m—l - In—l,m—l X

! —
Zn-1m-1=0

The magnitude of each local impedance and resistance was assigned from
equivalent circuit analogy. We considered them as known variables. In order to solve the

equation set presented above, Matrix algebra method is adopted here in the form of

AX=b, where
Zy+Zy o420 1+ L4 -2y 0 24, 0 e 0
A= -Z12 Zy 42 g+Z01 34255 L13 0 Loy 0
0- 0 0 ------ Zn—1.m—1+Zn—1.m+2,n—1.m—1+2,n.m—1 ------ Z n-1,m-1

(i ) (" ipZyq
X= i_1,2 b= O
\in—l,m—lJ \ in”n,m_.l .)

By solving this matrix, we obtained the matrix of X which is the current

distribution of the sample area. One thing we would like to emphasize is that the current
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distribution calculated with the above method is under one single specific frequency and
an iterative method would account for all the frequency range proposed. Then, the total
impedance of the sample area under that specific frequency was further obtained by

equation (3)

! Zy1* Zly i*in—
Zrora (@) = SR Zioa + D7 2y = (SR 2 4 R 22l e

ip

As indicated in equation 3, each frequency possesses one total impedance for the
whole study area; by computing the total impedances for each frequency ranges from
20KHz to 10 MHz, a set of simulated impedance behavior could be obtained from this

2D transmission line model.
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CHAPTER IV

EXPERIMENTAL RESULTS

Immersion experiments were carried out to study the effects of electrolyte pH,
topcoat thickness and substrate type on the damage evolution process for hex-chrome free
coating/aluminum system. EIS technique was used to study the damage evolution

mechanism in this work.

4.1 pH effect

The first variable studied in this work is the pH effect, hex-chrome free coating
(with 1 mil topcoat thickness)/aluminum 2024-T3 system was immersed in 3.5 wt.%
NaCl solution with controlled pH for 160 days. The buffer chemicals used to control the

pH were also presented in table 2.2

The experimental matrix in presented in table 4.1 and Figures 4.1-4.6 present the

Nyquist and Bode plots for the system in pH 4.0, 7.0, 10.0 respectively.

Table 4.1 Experimental matrix to study the pH effect

tested system variable

hex-chrome free Coating(]_ 3.5 wt. % NaCl solution with pH 4.0
mil topcoat thickness)/AA | 3.5 wt. % NaCl solution with pH 7.0
2024-T3 3.5 wt. % NaCl solution with pH 10.0
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Figure 4.1 Nyquist representation of hex-chrome free coating (1mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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Figure 4.2 Bode representation of hex-chrome free coating (1mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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Figure 4.3 Nyquist representation of hex-chrome free coating (1mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 7.0 for 160 days
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Figure 4.4 Bode representation of hex-chrome free coating (1mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 7.0 for 160 days
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Figure 4.5 Nyquist representation of hex-chrome free coating (1mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 10.0 for 160 days
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Figure 4.6 Bode representation of hex-chrome free coating (1 mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 10.0 for 160 days
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For the initial immersion time, the EIS spectra appear similar for samples
immersed in all three electrolyte condition. According to the Nyquist plot, coatings
behave as excellent capacitor in the initial immersion time. We consider coating is under
intact dry conditions at the start time. For further days, a considerable difference

appeared in the EIS spectra for coated sample under various pH electrolytes.

For the system immersed in pH 4.0 electrolyte, the radius of the capacitive loop
kept decreasing from the first day to the end of the testing time. At day 60, a small tail
observed in the low frequency range (10-10% Hz) in the Nyquist plot indicated the
activation of electrochemical reaction at the coating/substrate interface. The tested system
transited into stage 1l of damage evolution process. In day 125, the magnitude of the
impedance decrease to 10° ohm-cm? and three time constants appeared in the EIS spectra;
the one appearing at high frequency range (10°-10* Hz) was attributed to the coating layer,
the one showed at medium frequency range (10°-10% Hz) resulted from the electrical
double layer effect, and the time constant in the low frequency range (102-10° Hz) was
attributed to the newly formed oxide products. According to the Nyquist spectra, a pure
capacitor behavior was observed in the low frequency range (10-10° Hz). It suggested
the newly formed oxide products layer is a compact layer which insulates the substrate

from the corrosive species to some extent.

In the case of the sample immersed in pH 7.0 electrolyte, the magnitude of the
impedance as well as the shape of the EIS spectra did not change too much during the
experiment. The magnitude of the impedance remains around 10° ohm cm? indicating
that the coating performance excelled for the designed coating/aluminum system. Only

one time constant was observed during the immersion period; this time constant resulted
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from the electrolyte transport process within the coating layer. The EIS spectra suggested
there was no electrochemical reaction occurring at the coating/metal interface during the
whole immersion time. The tested system was still under stage | of damage evolution

process up to 160 days in 3.5 wt% NaCl pH 7.0 electrolyte.

For coating system immersed in pH 10.0 electrolyte: only one time constant was
observed in medium and high frequency range, no electrochemical reaction in the
coating/aluminum interface was indicated by EIS spectra. The tested system is also on
stage | of damage evolution process. Nevertheless, a small increment in the magnitude of
the impedance was observed in the Nyquist representation from day 3, this might be
attributed to the reaction between the polymer coating and the alkali electrolyte: The
reaction products form a structure which exerted a protective function and impacted the

EIS spectra.

In conclusion, we found the 3.5% NaCl solution at pH 4.0 simulated the most
aggressive environment compared to the other two pH electrolyte for hex-chrome free
coating/aluminum system. The coating was degraded faster under pH 4.0 electrolyte
environment which allowed the penetration of corrosive species such as oxygen and
water through the coating layer, the electrochemical reaction was activated since plenty
amount of corrosive species reached the substrate. With the continued electrochemical
reaction, the substrate suffers metal loss and reflected on the EIS spectra with a lower
magnitude impedance. Nevertheless, corrosion products formed a condensed stabled

oxide layer above the substrate which slowed down the corrosion rate in some extent.
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4.2 Layering effect

In this section, we studied the impact of topcoat thickness on the damage
evolution process. As described in section 2.4, coating/aluminum 2024-T3 with various
top coat thickness (1mil, 2mil, and 3mil) were investigated. Table 4.2 is the experimental

matrix we used to study the layering effect

Table 4.2 Experimental matrix to study the topcoat thickness

tested system variable
hex-chrome free coating/AA topeoat thickness 1mil
2024-T3 in 3.5 wt% NaCl pH topcoat thickness 2mil

4.0 electrolyte topcoat thickness 3mil

3.5 wt% NaCl solution pH 4.0 was used as the electrolyte in this study. This
electrolyte simulated the most aggressive environment which was proved by section 4.1.
We were able to observe the typical electrochemical behavior of tested samples in several
stages within 160 days of immersion in this electrolyte. EIS analysis were carried out for
a qualitative study of the layering effect. Figure 4.7-4.10 are the Nyquist and Bode
representations of the EIS spectra for hex-chrome free coating (2mil, 3mil topcoat
thickness respectively)/aluminum 2024-T3 system immersed in 3.5% wt NaCl pH 4.0
electrolyte for 160 days. The EIS spectra for hex-chrome free coating (1 mil topcoat
thickness)/aluminum 2024-T3 system immersed in 3.5 wt% NaCl pH 4.0 electrolyte for

160 days was already presented in figure 4.1-4.2.
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Figure 4.7 Nyquist representation of hex-chrome free coating (2 mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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Figure 4.8 Bode representation of hex-chrome free coating (2 mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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Figure 4.9 Nyquist representation of hex-chrome free coating (3 mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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Figure 4.10 Bode representation of hex-chrome free coating (3 mil)/aluminum 2024-T3
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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By comparing the EIS data of all three cases, we found the general trend in EIS
spectra were similar: in the initial time, the coating behaves as an excellent capacitor
which suggested the coating was under intact and dry condition. The magnitude of
impedance decreased from day 2 for all tested systems, this suggests that the electrolyte
was being uptaken the coating layer from day 2. Besides, a small tail was observed in the
low frequency range (1010 Hz) in the Nyquist representation on day 60 for all three
topcoat systems. This impedance behavior indicated the beginning of electrochemical
reaction at this point. All the tested coating/alloy systems were in stage Il of damage
evolution process. Three time constants were observed on day 125, the newly formed
time constant in low frequency range was attributed to the layer formed by the products
of electrochemical reaction (corrosion products). Besides, a diffusion-like behavior in the
low frequency indicated the newly form layer is porous and diffusion within the layer is
the predominant process to control the corrosion rate and thus reflected on the EIS

spectra as well.

However, there is still slight difference in EIS spectra for the three tested system:
for the same immersion time (take day 2 as example), the magnitude of impedance differs,
it has the following relations: Zimi<Zomii<Zsmii. This trend was observed in other dates as
well. In general, we found that increasing the top coat thickness in the range of 1mil to
3mil will not significantly affect the corrosion mechanism; nevertheless, the magnitude of
impedance for different tested sample system suggested the system with thicker topcoat

has a slight better protective function compare to the system with thinner topcoat.
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4.3 Substrate effect

The impact of substrate on the degradation mechanism of coating/alloy system
were studied as well in this work. Aluminum 2024-T3 and aluminum 7075-T6 were used
as the tested substrate. Table 4.3 is the experimental matrix used to study the substrate

effect.

Table 4.3 Experimental matrix to study the substrate effect

tested system variable
~hex-chrome free substrate AA2024-T3
coating(1mil)/substrate in 3.5 wt%

3.5% wt NaCl pH 4.0 solutions were consider as the electrolyte in this study for
the same reason mentioned in section 4.2. EIS measurements were carried out for the

tested sample immersed in the electrolyte during 160 days.

Figure 4.11-4.12 are the EIS spectra of hex-chrome free coating (1mil)/AA7075-
T6 system immersed in 3.5 wt% NaCl pH4.0 electrolyte for 160days. The EIS spectra of
hex-chrome free coating (1mil)/AA2024-T3 system immersed in 3.5 wt% NaCl pH4.0

electrolyte for 160days was already presented in figure 4.1-4.2

33



-1.0x10°

[] T T »
/ -4.0x10 /V
I
n -2.0x10 /
/ —u—D-1
[ ] —e—D-2 0.0 7 7
P / —A—D-3 1.0x10° 0.0  2,0x10" 4.0x10
NE J —v—D-15
8 —&— D-25
[T -5.0X1 0 7] ./ —4—D-60 -5.0x10%] J ]
@ / —»—D-125 ’
~ " —eo— D-160
= ./ P . .
N | o /.,./040 O\QQ.\. 5.0x10 1.0x10_
| o® )
u o ()
[ ] .. ‘
| |
.
0.0 j : :

5.0x10° 1.0x10°

Z'(Qcmz)

0.0

Figure 4.11 Nyquist representation of hex-chrome free coating (1 mil)/aluminum 7075-
T6 system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days
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Figure 4.12 Bode representation of hex-chrome free coating (1 mil)/aluminum 7075-T6
system immersed in 3.5 wt % electrolyte pH 4.0 for 160 days

As showed in the impedance spectra, the impedance behavior for the first 25 days
are similar, at which the system is still under stage | of damage evolution process. The

initialization of electrochemical reaction was observed on day 60 for both test systems.;
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this indicates that the electrolyte uptake process within the coating layer was not affected
by the different substrate. On day 125, at which the electrochemical reaction was
significant and metal substrate was experiencing metal loss, the magnitude of the
impedance for the coating/aluminum 7075-T6 is smaller than the one for
coating/aluminum 2024-T3 system. This observation suggested that the aluminum 7075-
T6 is more susceptible to corrode compare to the aluminum 2024-T3 in this specific

environment.
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CHAPTER V
APPLICATION OF TRANSMISSION LINE MODEL IN COATING/ALUMINUM

SYSTEM

In this section, the results of the 2D transmission line model developed in chapter
1l when applied to the experimental system (hex-Chrome free coating/2024-T3
aluminum substrate system constantly immersed in 3.5.wt% NaCl solution with pH 4.0)

are analyzed.

Figure 5.1-a shows the lateral view of the coating/aluminum system, the system is
comprised of three layers: electrolyte layer, coating layer and the substrate layer. In order
to apply the 2D transmission line model, first, it is assumed that the coating/aluminum
system reached steady state and each layer is uniformly distributed in horizontal level.
Figure 5.1-b is the transmission line representation applied to the lateral view. As
indicated in the figure, each layer has its own impedance representation, and each
impedance representation has its own equivalent analogy to describe the physical
significance of each layer. The total impedance for the whole system can be calculated

according to equation 3.

At the same time that the local impedance distribution generated by the 2D TLM
describes the local electrochemical properties of the coating/aluminum system, the

change of local impedance distribution provides the detailed information of water uptake
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process and electrochemical reaction process. Both features are key processes impacting
the degradation mechanism in coating/aluminum system[35,46]. to achieve a better

understanding of the corrosion process.
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Figure 5.1 a) Lateral profile of experimental system, b) The assigned electro
elements distribution in this system
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Three cases were studied with the application of 2D transmission line model in
this section: 1. initial immersion time (dry coating), 2. Stage | of damage evolution
process (coating with water uptake), and 3. Stage Il of damage evolution process

(activation of electrochemical reaction).

5.1 Application of 2D TLM on dry coating system

In the case of initial immersion time, the tested system profile was indicated as

figure 5.2-a, the transmission line model is displayed in the right side of the profile.
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Figure 5.2 a) Lateral profile b) Transmission line representation of hex-chrome free
coating(1 mil)/aluminum 2024-T3 system in the initial immersion time

Figure 5.2-b is the detailed elements distribution of the 2D transmission line
model in this system. As illustrate by the figure, the Z;, Z, and Z3 represent the

impedance in electrolyte layer which numerically equal to the electrolyte resistance, Z4 to
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Zg describes the impedance in coating layer, we define a Zinact to represent the impedance

of intact coating and the equivalent analogy is showed in figure 5.3.
The mathematically expression for Zintac is as follows:

Where R is the resistance of intact coating and constant phase element (CPE) is
associated to capacitance of intact coating. Zg represents the impedance in aluminum
substrate which numerically equal to the metal resistance. Similar for the impedance
elements (Z), each resistance element (R) has its own value which describes the physical
condition of each layer. The magnitude of each electrochemical element changes over

time due to the damage evolution process.

CPE,

R

C

Figure 5.3 Equivalent analogy of impedance representation Z4-Zg

A sensitivity analysis is carried out based the on the model described in the
previous section, two parameters were investigated in this section: intact coating

resistance (R;) and CPE of intact coating

Figure 5.4 shows the impedance spectra while we change the magnitude of R..
According to the previous work, the coating resistance for dry coating ranges from 10 to

10° ohm cm?; so that, we changed R, from 10° to 10% ohm cm?in the sensitivity analysis.
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The magnitude chosen for other parameters analyzed in the following section was carried
out under similar consideration. The impedance mode in low frequency range decreased
and the phase angle in medium frequency (10°-10° Hz) decreased along with the
decreasing of coating resistance. The shape of EIS spectra in Nyquist representation
remained the capacitive loop while the radius of the semicircle decrease with the

decreasing of coating resistance.

Figure 5.5 is the change of impedance spectra while we change the magnitude of
CPE.. The impedance mode in high frequency decrease and the phase angle in median
frequency range increase with the increase of CPE magnitude. By increasing the value of
CPE,, the phase angle "peak™ moved towards low frequencies and the Nyquist plot
shortened in the low frequency zone without showing any other modification to the plots;
the meaning of this changes is that the EIS is strongly dependent on these values, R, will

have a stronger effect on the Nyquist plot, and CPE_ in the phase angle plot.
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Figure 5.4 Sensitivity analyses for the intact coating resistance
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Figure 5.5 Sensitivity analysis for the CPE of intact coating
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In the previous section, we analyzed the main parameters that impact the EIS
representation. In this section, those parameters were manipulated to obtain a simulated
impedance data which had a good agreement with the experimental result in this section.
To be more precise, the impedance data simulated from the 2D TLM had an approximate

2% error (evaluated by sum of square error (SSE)) with respect to experimental data.

Figure 5.6 is the comparison between the experimental result and the simulated
data in the form of both Nyquist representation and Bode representation. The red round

spots were the experimental results the blue rectangle spots were the simulated data.
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Figure 5.6 Comparisons between the experimental result and the simulated EIS spectra

At the same time, the magnitude of local impedance distribution of each layer for the dry

coating was obtained and it is presented in figure 5.7
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Figure 5.7 The local impedance distribution for dry coating condition

It is straight forward to tell the physical significance of each layer according to
Figure 5.7: the blue color which represented the impedance of metal substrate as well as
electrolyte has a lower magnitude impedance compare to the red color which denote the
coating layer; since the conditions are dry, the profiles shows horizontal lines defining
physically the different layers with no alteration due to any chemical or electrochemical

reaction.

5.2 Application of 2D transmission line model on stage | of damage evolution process

In this section, we applied the proposed transmission line model on the
coating/aluminum system under stage | of damage evolution mechanism, this stage
started with the beginning of electrolyte transport through the coating layer and ended

when the electrolyte reached the metal substrate and it is the main process in the
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coating/metal degradation mechanism. In order to understand the process in detail, we
analysis three coating condition in this stage: 1. the initial time of stage | damage
evolution process, 2. the early time of stage | damage evolution process, and 3. The later

time of stage | damage evolution process.

5.2.1 Equivalent analogy of local impedance elements for coating under initial times of

stage | damage evolution process

For the initial electrolyte diffusive process, the degree of electrolyte uptake in the
top part of the coating layer is much larger compared to the rest part of coating. Figure
5.8-a is a sketch of the coating system under this condition. Figure 5.8-b is the

transmission line model we applied in this case.

a) Electrolyte b)

11 13
-

Figure 5.8 a) Lateral profile b) Transmission line representation of hex-chrome free
coating(1 mil)/aluminum 2024-T3 system in the initial time of stage | damage evolution
process
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In this case, Z;, Z, and Z3 represent the impedance in electrolyte, Zg is the
impedance of metal which numerally equal to the metal resistance, same as in dry coating
case, Zs-Zg describes the impedance of coating area with small degree of electrolyte up
take (Zintact) While Z4 represent the coating part with significant water uptake degree. We
defined the coating impedance under partial significant water uptake as Znonintact, and it

can be calculated using equation (5)

Zinvact * Lair

PX Ly + (1_ ¢)Zimact

z (5)

nonintact —

In equation (50), ¢ is the activation parameter ranging from 0 to 1; it describes the
proportion of the significant electrolyte diffusion area in the assigned layer. Zintact
describes the impedance for portion of coating layer that the electrolyte uptake is
negligible and Zyi# describes the impedance in the pore where the electrolyte uptake is

relative significant.

Figure 5.9 is a sketch of Zinact and Zgiusive in the non-intact coating layer.

pore
Zyr ===t Zaitt F*| Zintact |*"q Zaiss Lintact ™1 Zaitt I-
coating

Figure 5.9 Distributions of Zintact and Zgisr in the non-intact coating layer
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The equivalent analogy accounting for Zgx is shown in figure 5.10. And its

mathematically representation is shown in equation 6

CPE,

Figure 5.10 Equivalent analogies for Zgitsusive

R, +Z,
Zdiff = ( (6)

1+(R, +Z, )R (@i)")
Where Ry, the pore resistance, is not only impacted by the physical condition of coating
structure but also influenced by the amount of electrolyte accumulated in the pores. Z,, is

the impedance of Warburg diffusion element, and it was obtained via equation 7

AL A
ZW—J5+N5 (7

In equation 7, A, is the Warburg coefficient.

A sensitivity analysis based on these parameters in this model were carried out as
well, they are: intact coating resistance (R.), constant phase element of intact coating
(CPE), Warburg coefficient (Ay), the activation coefficient (¢), pore resistance (R;), the
constant phase element of coating part that has a significant degree of electrolyte uptake

(CPEw).
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Figure 5.11 shows the change of EIS spectra for different intact coating resistance
(R¢). For coating system under stage | of damage evolution process, the coating resistance
obtained from the simple equivalent analogy usually ranges from 10° to 10® ohm cm?, so
that, the analysis the EIS behavior for intact coating resistance ranges from 10° -10% ohm
cm?. According to figure 5.11, the magnitude of total impedance decrease, the phase
angle at median frequency (10°-10° Hz) was smaller for the low coating resistance
condition. this behavior is consistent with experimental results [45]. Besides, two time
constant observed at the Nyquist plot while R. equals to 10°hm cm?. This EIS behavior
suggested the participation of another electrical mechanism (for example, electrochemical
reaction in the coating/ substrate interface) in addition of the electrolyte diffusion process

in the low intact coating resistance condition.
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Figure 5.11 Sensitivity analyses for the intact coating resistance (Rc)
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Figure 5.12 is the EIS spectra with various CPE.. The phase angle at median
frequency (10°-10°Hz) decreases while we increase the magnitude of CPE.. The
magnitude of total impedance at high frequency also decreased. The shape of Nyquist
representation for large magnitude CPE. (10® and 107 F s™) are similar, both of them a
semicircle. On the other hand, for CPE. equals to 10°F s™, two overlapped semicircles
are observed; this later is due to the ratio of the CPE relative to CPE, in other words,

the presence of CPE_, is detected at low values of CPE..
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Figure 5.12 Sensitivity analyses for CPE of the intact coating
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6 Nyquist Diagram
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Figure 5.13 Sensitivity analyses for pore resistance Rp

Figure 5.13 shows the change of EIS spectra pore resistance (Rp). In this case, the
bode plot remains similar while the R, varies from 10° to 10° ohm cm?®. The only
difference appeared in the Nyquist representation. The radius of semicircle in Nyquist
plot slightly decreased while the R, decrease. The shape of EIS spectra in Nyquist
representation did not change while the R, value decreased. This indicated the R, in the

range of 10°-10% ohm cm? does not play a relevant role in EIS behavior.
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Figure 5.14 Sensitivity analyses for CPE of coating porous

Figure 5.14 shows the change of EIS spectra for different (CPE.;). In this case,
the bode plot remains similar while the CPE,; varies from 10® to 10° F s™. The only
difference appeared in the Nyquist representation. The radius of semicircle in Nyquist
decreased while the CPE,; increased. The impact of CPE (in the range of 10® to 10° F
s™) on the EIS spectra was also small according to the analysis. Two time constants are

more defined as long as CPE, increases, this is also due to the ratio CPE/CPE.as it was

shown above.
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Figure 5.15 Sensitivity analyses for Warburg coefficient

Figure 5.15 is the change of EIS spectra for different Warburg coefficient.
According to this figure, two overlapped semicircles are observed on the EIS spectra
where Warburg coefficient is around 10° and 10* ohm s™2. A typical diffusion behavior
appeared while the Warburg coefficient increased to to 107 ohm s™2 as it was expected.
The value of the Warburg coefficient relates directly to the resistance of the interface, in

this case, the value was sensitive for the selected values of Rp and Rc.
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Figure 5.16 Sensitivity analyses for activation parameter

Figure 5.16 shows the change of EIS spectra for different activation coefficient ¢.
When ¢ equaled to unity, it indicates no severe diffusion process occurred, the coating
layer was intact, only one semicircle appeared in the Nyquist representation, while ¢
equaled to 0.5, two overlapped semicircle appeared in the Nyquist representation, this
means that both processes are taking into account. While ¢ equaled to zero indicated the

electrolyte transport process was significant in whole area, a typical diffusion behavior

was observed in both Nyquist and Bode representation.
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Figure 5.17 Sensitivity analyses for equivalent analogs location

After studied the EIS sensitivity by varying the magnitude of each parameter, the
impact of the equivalent elements location was also investigated. The left, center and
right sides of Zintact With Znonintact respectively were replaced; Figure 5.17 is the EIS result.
The red data is overlapped with the green data in the figure. Since the center and right
side of transmission line model have the same mathematical expression their contribution
to the total impedance must be the same. On the contrary, the mathematical expression of
the left side equivalent circuit involves the main current according to figure 3.2, so that,

any change of equivalent element must impact the EIS spectra as it is observed in Figure

5.17.

By adjusting the parameters investigated in the previous sections, a simulated
impedance data which has a good agreement with the experimental results was obtained.

To be more precise, the impedance data simulated from the 2D TLM have an
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approximate 2% error (evaluated by sum of square error (SSE)) with respect to
experimental data. The comparison between the simulated EIS data (blue rectangular

spots) and the experimental data (red round spots) is shown in figure 5.18
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Figure 5.18 Comparisons between the experimental result from day 2 and the simulated
EIS spectra

The localized impedance distribution is presented in Figure 5.19. The blue color
represents the local impedance in the electrolyte and metal, and its magnitude was about
10® ohm cm? lower than the impedance in coating layer (indicated as red color in the
figure). The impedance of the coating layer which directly contact with electrolyte was

relatively lower compare with the rest part of coating. This behavior indicates the water
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uptake degree in the top coating layer is higher than the rest part of coating which is

something expected due to diffusion conditions.
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Figure 5.19 The local impedance distribution for coating in initial time of stage | damage
evolution mechanism

5.2.2 Equivalent analogy of local impedance elements for coating under early time of

stage | damage evolution process

The electrolyte uptake process was a key process in the damage evolution
procedure. In order to understand the mechanism of transport process within the coating

layer over time in detail, it is mandatory to look at the condition about the early time of
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electrolyte uptake process. Figure 5.20-a is the general sketch of the coating profile under

this condition. Figure 5.20-b is the transmission line representation for this condition.

In the transmission line, both Z, and Zs represented the impedance for non-intact
coating (Znonintact), Which has a mathematically expression same as equation 4. The rest
impedance elements remained the same expression as previous. The total impedance was

calculated by equation 3 and compared with the experimental EIS data.
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Figure 5.20 a) Lateral profile b) Transmission line representation of hex-chrome free
coating (1 mil)/aluminum 2024-T3 system in the early time of stage | of damage
evolution process

In Figure 5.21, the red round spots represent the experimental result and the blue
rectangle spots is the simulated data. The simulated data has a good agreement with the
experimental result. The simulated local impedance distribution was also presented in
figure 5.22, it intuitively shows the area with relatively low impedance in the coating

layer was increased compare with the early time.
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Figure 5.21 Comparisons between the experimental result from day 3and the simulated
EIS spectra
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Figure 5.22 The local impedance distribution for coating in early time of stage | damage
evolution mechanism

57



5.2.3 Equivalent analogy of local impedance elements for coating under later time of

stage | damage evolution process

The third case we studied in this section is the later time of stage | damage
evolution process. In this case, we assumed the electrolyte was almost diffusive through
the coating layer, and the electrochemical reaction was about to be activated. Figure 5.23-
a is the profile sketch of coating/aluminum system. Figure 5.23-b is a transmission line

representation for this stage.
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Figure 5.23 a) Lateral profile b) Transmission line representation of hex-chrome free
coating (1 mil)/aluminum 2024-T3 system in the later time of stage | of damage evolution
process

In this transmission line, Z,to Z; represent the impedance for coating that already
had the electrolyte diffusion (Znonintact), the mathematical expression is show in equation 4.

The other impedance elements remain in the same expression as before.
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The total impedance was calculated by equation 3 and compared with the
experimental EIS data. In Figure 5.24, the red round spots are the experimental result and

the blue rectangle spots are the simulated data.
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Figure 5.24 Comparisons between the experimental result from 25 days and the simulated
EIS spectra

The localized impedance distribution is also presented in figure 5.25; in this
figure, the impedance of the majority coating part was lower than the coating impedance
in the previous two conditions. It indicated the water uptake degree was large and a large

amount of electrolyte was about to reach the metal substrate.
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Figure 5.25 The local impedance distribution for coating in later time of stage | damage
evolution mechanism

5.3 Application of 2D TLM on coating/aluminum system under stage Il of damage

evolution process

The third case we studied in this work is the electrochemical reaction activation
stage; in this stage, we assume plenty electrolyte penetrated through the coating layer and

reached the metal substrate, the electrochemical reaction occurred at this point.
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Figure 5.26-a is the sketch of this case. As indicated in the figure, a small amount
of corrosion products appeared underneath the coating layer due to the electrochemical

reaction. Figure 5.26-b is the transmission line model applied in this case.
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Figure 5.26 a) Lateral profile b) Transmission line representation of hex-chrome free
coating(1 mil)/aluminum 2024-T3 system in 1l of damage evolution process

For this transmission line, Z;-Z3 describe the impedance in the electrolyte, which
is numerically equal to the electrolyte resistance, Zs-Zg describe the impedance in the
coating layer, which is represented by Znonintact @and its mathematical expression is in
equation 4. Zg represents the impedance for metal substrate with small amount of
oxidation products. The equivalent circuits used in this section are the same as in the

previous sections.

We first fitted the simulated EIS impedance with the experimental data from 45
days immersion in figure 5.27. We obtained the values for each parameter involved in the

transmission line model. Those parameters will be discussed it in the section 5.4
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Figure 5.27 Comparisons between the experimental result from 45 days and the simulated
EIS spectra

The simulated impedance distribution is quite similar to that one of figure 5.7
with the only difference on the impedance magnitude. The experimental data from 60
days immersion time has the similar Nyquist representation as the one from day 45. In
order to understand the difference between them and obtain the detailed degradation
mechanism, we also applied the 2D transmission line model on the experimental data
from day 45. Figure 5.28 is the comparison between the experimental results (red round
spot) and the simulated results (green rectangular spots). The parameters obtained from

the optimization fitting will be discussed in section 5.4
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Figure 5.28 Comparisons between the experimental result from 60 days and the simulated
EIS spectra

5.4 Discussion

In the previous sections, we studied three damage evolution cases based on the
hex-chrome free coating (1mil)/aluminum 2024-T3 system immersed in 3.5% wt NaCl
pH 4.0 electrolyte. These three cases are: 1) initial immersion time, 2) stage | of damage
evolution process, and 3) Stage Il of damage evolution process. The proposed 2D
transmission line model is applied on all the cases to help us understand the detailed

degradation mechanism better.
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In case I, the mentioned coating/aluminum system is under initial immersion time,
the electrolyte diffusion process within the coating layer is negligible at this time. As
showed in the figure 5.7, the magnitude of the impedance for intact coating layer is much
larger compare to the impedance in electrolyte and aluminum. The intact coating
resistance (R.) obtained from the application of 2-D TLM is 1x10'°0hm cm? Coating is

considered under dry condition and served as an isolated layer.

The second case we studied is the stage | of damage evolution process. In this
stage, the main process that affected degradation rate is the electrolyte diffusion process
within coating layer. According to the experimental result, this stage lasts until 25 days
for hex-chrome free coating (1mil)/aluminum 2024-T3 system in pH4.0 electrolyte. In
order to see the evolution of coating condition with time in this stage as well as obtaining
a detailed understanding of the electrolyte transport process within the coating layer, we
investigated three conditions under this stage with the help of a 2-D TLM. The three
conditions are: 1. initial time of stage I; 2. early time of stage I; and 3. later time of stage
I. The experimental data from day 2, day 3 and day 25 were used for the study of
correspondent condition. Two types of coating resistance were obtained from the 2-D
TLM: the resistance for intact coating (R¢) and the pore resistance (Rp). The first variable
(Rc) describes the general performance of intact coating; the latter variable (R) reflected

the combination impact of coating degradation and electrolyte accumulation.

For the initial time of stage | damage evolution process, as showed in figure 5.19,
the impedance magnitude of the coating layer decreased compare with the initial
immersion time, especially for the top surface of coating layer on day 2. This indicated
the effect of water uptake process becoming important in stage | of damage evolution
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mechanism. In addition, the top part of coating possessed a larger water uptake degree
compare to the rest part of the coating layer. This is because the top surface has a direct
contact with electrolyte layer. The magnitude of intact coating resistance (R.) obtained
from the 2-D TLM is around 1.5x10% ohm cm?® and the magnitude of pore resistance (Rp)
is around 1.2x10° ohm cm?. The small difference between R and R, suggested that only a
small amount of electrolyte accumulated in the top part of the coating layer and did not

considerably affected the magnitude of the coating resistance.

In the early stage of damage evolution process, figure 5.22 intuitively shows the a
coating area with a higher electrolyte uptake. The resistance for intact coating remains
1.5x10° ohm cm? while the magnitude of pore resistance (R,) decreased to 5.2x10° ohm
cm?. The big change in the magnitude of R (almost two orders of magnitude) indicated a

higher amount of electrolyte accumulated in the top part of coating layer.

In the later time of stage | damage evolution mechanism, most part of the coating
was penetrated with electrolyte. The electrochemical reaction in the coating/substrate
interface is about to occur under this instance. The local impedance shown in figure 5.25
strongly supported this idea. In addition, the resistance for intact coating (R.) decreased to
1.3x10® ohm cm? while the magnitude of pore resistance (Rp) further decrease to 1.2x10°
ohm cm?. The latter indicated a larger amount of electrolyte accumulation per area in the

coating part that was penetrated.

The third case we studied is the stage Il of damage evolution mechanism. After
plenty electrolyte penetrated through the coating layer and reached the aluminum

substrate, the electrochemical reaction was activated. This is an indication of the system
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transiting from stage | to stage Il. In this stage, the concentration of active species in the
coating/aluminum interface was lowered due to consumption from the electrochemical
reactions. The diffusion process is the main process that controls the degradation rate and
the impedance representation (Nyquist plot) reflected this influence. The color
representation of local impedance distribution will be similar as the figure 5.7 but the
magnitude would be smaller. By optimizing the fitting results between the experimental
data from day 45 and the simulated data, R is obtained; the magnitude of intact coating
resistance (R.) obtained from the model is around 1.2x10’ ohm cm? which is one
magnitude smaller than the R; from day 25. The magnitude of pore resistance (Rp) is
around 1.0x10° ohm cm? which is similar to the impedance magnitude at final time in
stage I. This suggested small degradation occurred in coating layer compare to final time
of stage | damage evolution, nevertheless the amount of electrolyte accumulated within
the coating layer remained the same on day 45. Another fitting process carried out on the
experimental data from day 60 showed that the magnitude of intact coating resistance (Rc)
decrease to 2.0x10% ohm cm?, and the resistance of coating layer with high water uptake
process remains 1.0x10° ohm cm?. This suggested the coating was further degraded while

the amount of electrolyte remained in the coating was the same.

Figure 5.29-a is the R¢ over time and figure 5.29-b is the R, over time. According
to the figure, we can see the coating degradation as well as the electrolyte accumulating

process in coating over time.
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Figure 5.29 a) Resistance of intact coating (Rc); b) Pore resistance (R;) over time
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CHAPTER VI

CONCLUSION

In this work, we designed an environmental friendly hex-chrome free
coating/aluminum system. In order to understand the degradation mechanism of this
coating system better, we investigated the corrosion behavior of this coating/steel system
under constant immersion environment. Three experimental variables were investigated

in this work; they are electrolyte pH, top coat thickness and the metal substrate.

By interpreting the EIS results for each case, we concluded

1. The 3.5 wt% NaCl, pH 4.0 electrolytes simulated the most corrosive environment
compared to pH 7.0 and pH 10.0 electrolyte. under 160 days of immersion in pH
4.0 electrolyte, the coating/aluminum system was in stage Il of damage evolution
mechanism, while the system immersed in the other two pH electrolyte were still
in the stage | of damage evolution mechanism.

2. According to the EIS representation from the sample immersed in the most
corrosive environment, we conclude the coating is dry and intact in the initial
immersion time, electrolyte transport process and electrochemical reaction
process occurred after certain time, an condensed oxide products layer is formed
in the coating substrate interface around 100 days, diffusion process within the

oxide layer is the predominant process that impact the corrosion rate at that time.
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3. Change the top coating thickness from 0.025mm to 0.075mm will not affect the
corrosion mechanism much, the system with thicker top coating has only a
slightly better performance compare to the thinner ones according to the
impedance representation.

4. Two metal substrates are used in this work; the substrate will not affect the early
stages of damage evolution process. However, in stage Il of damage evolution
process, we found the aluminum 7075-T6 is more susceptible to corrode compare

to the aluminum 2024-T3.

With the help of the previous work, we introduced the damage evolution concept
in this work. General speaking, the damage evolution mechanism include four steps: 1)
electrolyte transfer process within coating layer; 11) The initialization of electrochemical
reaction in the coating/metal interface, the electrochemical products started to form under
neater coating layer; Ill) The charge transfer dominates process; the electrochemical
products propagated and degradation and delamination occurred on coating; and V)

coating failure, electrolyte directly contact with substrate, metal experience several loss.

In order to study the detailed damage evolution mechanism base on the Hex-
Chrome free polyurethane coating/aluminum system, we developed a 2-D transmission

line model based on Kirchhoff’s laws.

Three damage evolution cases were investigated alone with the application of 2-D
TLM. The model was firstly verified by the EIS spectra obtained from the experimental

result. A further application of this 2D TLM revealed the local impedance distribution
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along the profile of coating/aluminum system. By studying the impedance distribution,

we conclude:

1.

3.

The main process in the coating/aluminum system immersion test is electrolyte
uptake process in the coating layer and the electrochemical reaction beneath
coating layer.

In the initial time of immersion, the electrolyte uptake degree is much higher for
the top area which is directly in contact with the electrolyte compare to the rest
part of coating. besides, the electrolyte uptake degree is increasing over time in
the following two ways according to the impedance magnitude: the electrolyte
penetrated more area with time and the amount of electrolyte accumulated per
area was increasing as well.

An electrochemical reaction was activated on day 45 for the tested sample system,
the coating resistance obtained from the 2-D TLM was decreasing in magnitude
compare to previous days (day 25) which indicates that the coating was degrading
over time. The pore resistance (R,) did not change much, which, suggested that
the electrolyte amount accumulated in the coating layer did not have important
changes as well. The similar trend was observed in the EIS data from day 45 of

immersion.
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